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INTRODUCTION

Reactive oxygen (ROS) and nitrogen species (RNS). Reactive oxygen and
nitrogen species (ROS and RNS) (02, NO, ONOO, ONOOCO•-, CO 3', NO2 , H 20 2,

OH) either through direct oxidative damage or through signaling have been implicated in
numerous pathological disorders such as carcinogensis, radiation injury, inflammation,
ischemia/reperfusion, hemorrhagic shock, autoimmune diseases, neurologic disorders
(amyotrophic lateral sclerosis, Parkinson disease, Alzheimer disease), stroke, spinal cord
injury, and senescence [1].

ROS and cancer. ROS have been considered DNA-damaging agents that increase
the mutation rate and promote oncogenic transformation. In addition to this unspecific
action, reactive species produced in a regulated fashion are required participants in
signaling pathways being involved in activation of activator protein-1, AP- 1, hypoxia
inducible factor, HIF-I and nuclear factor NF-KB [2-8]. In addition to ROS, and
depending upon its concentration, NO may affect HIF- 1 activation also [7]. All of these
transcription factors have predominant roles in development of cancer and metastasis.
Consequently, ROS appear to be key regulatory factors in molecular pathways linked to
tumor development and dissemination and thus likely targets in drug development.

Mn porphyrins and ROS and RNS. As a result of more than decade long efforts
to synthesize potent catalytic antioxidants, our laboratory has developed structure-activity
relationship between the ability of Mn porphyrins to eliminate 02- (mimic SOD) and the
redox property of the metal center, E1/2 (Figure 1) [9-12]. Based on this relationship we
have shown that, similar to the SOD enzyme itself, there is an optimal E1/2 (showed in
Figure 1 as a plateau of a bell shape curve), that allows Mn porphyrins to be efficient in
dismuting 0 2' [7]. That very same
property enables them to be potent
scavengers of peroxynitrite,
carbonate radical and hydrogen ,
peroxide. Based on this relationship
we forwarded the Mn porphyrins of f

high and similar antioxidant
potency, Mn(III) tetrakis(N- .i"
ethylpyridinium-2-yl)porphyrin, ,
MnTE-2-PyP 5+ (AEOL- 10113) 1 /

(Scheme 1), and Mn(III) 4
tetrakis(N,N-diethylpyridinium-2- 0A -U 0 .2 04 0.6 08 1,0 1,2 1A

yl)porphyrin, MnTDE-2-ImP5+ E1,2 , V vs NHE

(AEOL-10150) for testing in Figure 1. Log kat for O dismutation vs metal-
different animal models of oxidative centered redox potential, E1/ for Mn porphyrins,

swhere they invariably SOD, EUK-8 and M40403 (MnTE-2-PyP5 + is 11,stress injuries weetyinaaby and MnTDE-2-ImPs+ is d) [9].

exhibited high protectiveness [13-

22].
Mn porphyrins and cellular reductants. In addition to eliminating reactive

oxygen and nitrogen species, and for the very same reason of possesing an appropriate
redox ability (E1/2=+228 mV vs NHE), those porphyrins can be easily reduced by cellular
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reductants also [16,23-26], as the redox state of a cell
is highly reducing (E - -200mV vs NHE). Both Mn
porphyrins where Mn is in its +3 and +4 oxidation
state will be readily reduced. Therefore the harmful,
highly oxidizing O=MnIVP (a product of the reaction
of Mna'P and MnI"p4+ with ONOO, CO3 - and H202 )
will be fastly eliminated. Moreover, while Mn"'P 5+ MnII TE-2-PYPt*

reduces ONOO- to NO2 radical, the Mnnp4+ will Scheme 1. Structure of the Mn(III) porphyrin studied

reduce ONOO through two electron transfer to
unharmful species, nitrite N02-. We have recently
observed that in addition to glutathione and ascorbic acid Mn porphyrin can be reduced
by tetrahydrobiopterin also [26]. The reduction product, Mnnp4+, is the same species as
is formed in the reaction with ascorbic acid and glutathione. Because tetrahydrobiopterin
is a redox cofactor of nitric oxide synthase, its depletion through its oxidation would
result in NOS uncoupling and producing superoxide rather than nitric oxide. We
therefore thought that oxidation of BH4 by either Mn P5+ or O=Mn p4+ may be
physiologically relevant as it may decrease NO levels and affect angiogenesis. The effect
may be relevant to tumor tissue where higher levels of iNOS are expressed and thus high
levels of BH 4 are required.

Mn porphyrins and transcription factors. Recently, new exciting data indicate
that Mn porphyrins can inhibit activation of transcription factors (TF) by either
interfering with ROS (preventing TF activation by ROS) or by oxidizing transcription
factors directly. Thus, MnTE-2-PyP 5+ was shown to inhibit DNA binding of AP-1, NF-
KB and to suppress activation of HIF-1. All three factors are hypoxia-triggered and all
three seem to be activated by ROS [27-30]. Of interest to note is that ROS generation by
mitochondrial electron transport chain increases at lower [02], i.e. under hypoxic
conditions [6]; thus mitochondria is suggested to act as an 02 sensor.

NF-c•B. The inhibition of NF-kB DNA binding has been explained in terms of
oxidation of cysteine residue of p50 by MnTE-2-PyP5 + in nucleus [31]. Oxidation of
cysteine residue resembles oxidation of glutathione by Mn(III) p orphyrin that has been
shown by us to occur [23]. The reaction is rather slow with Mn TE-2-PyP . However,
it occurs several orders of magnitude faster with O=Mn vp 4+ [23]. Aerobically reaction
with glutathione essentially does not proceed at appreciable level; anaerobically the rate
constant (room temperature) is - 3 x 102 M 1 s-1 [26]. Under aerobic conditions rate
constant for the reaction of O=MnITM-2-PyP4+ with glutathione is 4 x 104 M1 S-1

(37 0C) [23]. So the reaction of glutathione with O=Mn vP is at least 100-fold faster than
with MnIIIp4+ Thus a more likely scenario is that MnTE-2-PyP5+ will react with ONOO
(or with H 2 0 2 or with CO3 ") to form O=Mn lVp4+ which will be several orders of
magnitude more reactive towards cysteine (of p50 subunit of NF-KB) as it is towards
glutathione.

AP-1. It has been shown that MnTE-2-PyP 5+ inhibits AP-I activation leading to
decreased number of metastasis in skin cancer. The number of total papillomas dropped
from 31 to 5 when animals were treated 5 days per week for 14 weeks at 5 ng/mouse
[32].

HIF-1 a Recently, MnTE-2-PyP 5+ was reported to inhibit HIF-1 by scavenging
ROS and/or RNS leading to significantly decreased tumor vasculature density [33,34].
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Based on recent reports [31-341, MnTE-2-PyP5+ seems to be both a promisin2
anticancer aaent and an excellent tool for studying mechanism of cancerogenesis.

In this study we aimed at understanding: (1) whether MnTE-2-PyP 5 + is anti-
angiogenic and (2) whether its interaction with tetrahydrobiopterin, leading to decreased
levels of NO contributes to its antiangiogenic effect. Since the start of this project, the
new data indicated that MnTE-2-PyP 5+ could affect NF-KB DNA binding and therefore
iNOS expression and consequently levels of NO. Therefore we also aimed at
distinguishing whether NO levels are decreased due to NOS inactivation (NOS activity
assay) or to lower levels of NOS expression (Western blotting).

BODY OF THE PROJECT

Thermodynamic and kinetic characterization of BH4 reaction with MnTE-2-PvP5 +

Tetrahydrobiopterin (Scheme II) is a co-factor of nitric oxide synthase [35,36],

0 o
H H H H OH

HN N OH N '-
H HN O

8 OH OH
H2N N NHN N N

H N N

(6R)-Tetrahydrobiopterin, B1 4  (6R)-Tetrahydrobiopterin radical, BH 4"+

o 0
0 N NOH

H
N H3 N OH 3

HN
H2N N N H2N N N

H H

6,7-dihydro-8H-biopterin, 6,7-BH 2  7,8-dihydrobiopterin, 7,8-BR 2

0

N OH3
HN N

I OH
H2N" ýýN Nr

H

Sepiapterin

I Scheme I. Structures of tetrahydrobiopterin and its oxidized analogues

and hence is an indirect regulator of vascular tone. The BH 4 appears to be essential for
driving the synthesis of L-citrulline and NO formation by preventing the dissociation of
the heme-Fe(II) dioxygen/heme-Fe(III) superoxide complex (thereby preventing the
formation of superoxide), and by promoting the generation of heme-Fe(III) peroxo and
heme-Fe(IV) oxo species (Scheme i1) [37]. Only fully reduced tetrahydrobiopterin (and
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not 7,8-BH 2) can support NOS catalysis [38,39]. Several in vitro studies directly
established the role of NO and BH4 in angiogenesis [40-44].

E[Fe"P]2. 02. 0 I, EO 2 ]
2 [Fe 2 ]2 Catalysis

R

e- - L-arg.. BH 4  R- z R

L-arg and/or BH4  
0 o. A 2 e-, H R 202)

E[Fe"HH/ sPin]3 - E[FeH IH -"*F ( R )R (02,02+

E[Fe "OOH]
2
+ R R

R

L-citrulline--*--- NO'-OH-L-arglj HH2 0

"NO
+ R-C(NH

2)-N'+-H (L-a ) +IV 2 H

R BH4 E[FeIV=0]
2
0 [R-C(NH 2 )-N *-H] • BH4 ' P[Fe -0] + H20

4+ or

E+[FeIV=o]
2 

+ H20

"R 4+
Nitrosylation RR "NO ROS (reactve oxygen species) = 0 -, 0N0,C03"',N02 , H20 2)

R E = heme(NOS), R=(2-N*-ethylpyridyl)

Scheme IHL Metalloporphyrin Inhibits Nitric Oxide Synthase (NOS) Through Depletion of its
Cofactor, Tetrahydrobiopterin, BH4 which may affect NO-mediated cellular signaling

Tumor tissue is under persistent oxidative stress with balance between cell
proliferation and cell death shifted inappropriately toward excess proliferation, and with
levels of antioxidants altered [45]. Both decreased and increased levels of superoxide
dismutases, lower levels of catalase and lower levels of low-molecular weight
antioxidants, such as ascorbic acid, uric acid and vitamin E have been reported in tumors
[45-50]. Oxidative stress also results in over-expression of iNOS [40], accompanied by
Bb4 levels higher than are found in normal tissue [48,49]. Due to the positive correlation
between iNOS activity and tumor progression, iNOS inhibitors have been tested for
cancer therapy [40]. In the tumor environment Mn porphyrins may selectively affect the
levels of particular reductants, like BH4, whose micromolar cellular levels [51,52] are
much more sensitive to fluctuations than are the mM levels of glutathione and ascorbic
acid. The catalytic depletion of BH 4 by MnTE-2-PyP 5+ (Scheme III) would inhibit NO
production by iNOS which in turn would impact signaling processes and angiogenesis.
The depletion of BH 4 by H20 2-derived oxidized iron species (perferryl iron) in cerebellar
granule neurons was observed by Kalyanaraman group [53], and it occurred presumably
in a similar manner as with Mn(III) porphyrins. The BH 4 depletion resulted in
production of 02 by NOS rather than NO [53]. Mn porphyrin can be also reductively
nitrosylated [54]. That reaction is however stoichiometric and at low oxygen levels fairly
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irreversible. Thus it is unlikely that levels of nitric oxide would be affected through
reductive nitrosylation of MnTE-2-PyP5 +.

We have shown in this work that tetrahydrobiopterin readily reduces Mn"'TE-2-
pyp5+ (E in Figure 2), giving rise to MnITE-2-PyP4 ÷ (E+BH4 in Figure 2). We have also
shown that 7,8-BH 2 can not be reduced back to BH 4 with ascorbic acid-reduced Mn"TE-
2-PyP4+. Based on cyclic voltammetry,
Gorren et al [55] reported that one-
electron oxidation of BH4 (as well as of 1.0 A

tetrahydropterin) to BH 4+ (at N 5, Scheme E+S,

II) occurs at +270 mV vs NHE (pH 7.0).
Using polarography, Archer et al [56]
reported that reduced pterin
(tetrahydropterin) undergoes reversible
oxidation by two overlapping one-electron
steps at +150 mV vs NHE (pH 7.0) 00350 400 450 Soo 650 600

producing 6,7-BH 2, which upon X. nm

rearrangement gives rise to 7,8-BH 2. The
authors [51] coupled the oxidation of
pterin to the FeI'I(CN) 63-/Fen(CN) 64- redox
couple (E°= + 358 mV vs NHE), whose Figure 2. The uv/vis spectra of oxidized,

reduction potential is similar to the MnTE-2-PyP5 + (E) and BH4-reduced MnTE-2-

potentials of Mn(III) porphyrins studied pyp4+ porphyrin (E + BH4).

(+228 and +367 mV vs NHE for ethyl and
n-octyl porphyrin, respectively, ref 11). In both studies, 7,8-BH 2 is the ultimate product
of BH 4 oxidation. Based on the data reported [52,53], the two-step reduction of Mn1 1ITE-
2-PyP5+ with BH 4 presumably occurs through eqs [1] and [2]:

BH4 + Mn"'T(alkyl)-2-PyP5+ <==> BH 4+ + Mn"T(alkyl)-2-Pyp4+ ki [1]
BH4 + +MnT(alkyl)-2-PyP <=>6,7-(8H)-BH2 + Mn"T(alkyl)-2-PyP4 + + 2H+ k 2 [2]
6,7-(8H)-BH 2 <=====> 7,8-BH 2  [3]

We ascribed the k, (1.0 x 104 M1 s-) to one-electron oxidation of BH 4 to BH4+

Figure 3. Catalytic oxidation of BH 4 with 0.24 mM 02

5 ,uMMnI.ITE-2-PyP5 + (E) in PBS, pH 7.4, at 25 + - 3e-6 BH4  A
10 C. Catalytic action was enabled through ' 2e-6- E ".. E
reoxidation of Mn(JJ) porphyrin by oxygen. Solid
line: In one experiment, first the 0.35 mM BH4  a 2e-6.
was added into phosphate buffer followed by the
addition of MnTE-2-PyP5÷ as indicated After q 2e-6
-200 s, and with MnTE-2-PyP5 +, another 0. 73 mM - H4

BH4 was added to assure that enough reductant le-6
was present. Finally, -2 mg ofNa2S20 4 was added • Na 2e-
to assure removal of all oxygen. Dash line: In = 2 2S 4

another experiment, first 5 pM MnTE-2-PyP5 + (E) zero 02
was added into phosphate buffer, followed by the 40o 600 800 1000 1200
addition of 0.9 mM BH 4 as indicated Finally, - time, s
2mg of Na2S204 was added as noted

8



radical (eq 1), and k2 (1.5 x 103 M1 s-') to the one electron oxidation of BH4 + to 6,7-(8H)-
BH 2 (eq 2). As was the case with ascorbic acid, glutathione and uric acid, reductive
nitrosylation of MnIUTE-2-PyP5 ÷ occurs readily in the presence of both BH4 and NO.

Moreover, MnnITE-2-PyP4+ oxidizes tetrahydrobiopterin in a catalytic manner
aerobically (Figure 3).

As previously discussed in relation to NF-iB, it is even more likely that
O=MnIVp4+ formed in the reaction of Mn'lIp4+ with ONOO, H 2 0 2, and C03 ', would react
with BH 4. Based on glutathione reactivity towards O=MnlVp 4+ and MnII.P [23,26]
(discussed under NF-KB) we may predict that the rate constant of O=Mn IVp4+ with BH4
would be >>106 M-1 s-1.

Thermodynamic and kinetic characterization of the reaction of MnTE-2-PyP 5+

with BH 4 and 7,8-BH 2 was published in Free Radic. Biol. Med. 2004 [26].

HPLC determination of BH4 and 7,8-dihydrobiopterin

HPLC method for determination of BH 4 and 7,8-BH 2 is based on differential
oxidation of these two compounds under basic and acidic conditions. Three methods
were tested and partly employed for our conditions.

The method has been originally developed by Fukushima and Nixon [57], and
modified [58,59], it is widely used for BH 4 and 7,8-BH 2 determination in different
biological tissues. It is based on the oxidation of these compounds in acid and base
medium by iodide followed by the reduction of excess iodide by ascorbic acid. Both BH4
and 7,8-BHI2 are oxidized to biopterin in the acid (pH-1). In base (pH -13) only 7,8-BHIT
was oxidized to biopterin, while BIT 4 was oxidized to pterin. The oxidation of BH4 to
biopterin in acidic medium occurs over quinoid dihydrobiopterin that tautomerizes to 7,8-
BH 2, which loses proton on C-6 of the pterin ring (Scheme I1) that finally leads to the
formation of biopterin [61-64]. Under alkaline conditions, loss of proton from the side
chain on C'-1 hydroxyl (Scheme II) is favored [61], which results in a loss of side chain,
i.e. formation of pterin. BH 4 appears to be sensitive to light, oxygen, traces of metal and
pH of the solution [60]. Thus solid BH 4 is kept in freezer at -20 0C while its stock
solution was prepared in 20 mM HC1/1 mM EDTA and was kept in refrigerator for up to
24 hours. Biopterin is a stable, fully oxidized pterin. Its stock solution was prepared in 2
mM NaOH because it was not soluble in water. Any attempt to concentrate the sample
on Dowex 50 as indicated by Fukushima and Nixon [57] lead to nearly full retention of
biopterin on column. No significant recovery of the biopterin from column was possible.
Dithioerythritol (DTE) was added to the tissue homogenate to prevent loss of BH 4 during
homogenization [58] and did not seem to rereduce 7,8-BH 2 to BH4. Addition of DTE
required higher concentration of ascorbic acid in order to eliminate excess of both DTE
and iodine.

Several methods were eventually tested, some of them failed to give sensitive and
reproducible chromatograms. Finally the method by Fiege at al [58] was adopted with
minor modifications. Calibration curve for BH4 was made as follows. Primary BH4
standards (0.5 mg/kg) were kept in 20 mM HC1/1 mM EDTA. Primary biopterin
standards (0.5 mg/kg) were kept in 2 mM NaOH. Primary standard was diluted 100-fold
with water to give secondary standard of concentration 5 jtg/mL. To different volumes of
BH 4 secondary standard solutions, appropriate volumes of 0.1 M phosphoric acid was
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added to a total volume of I mL. The BH4 concentrations ranged from 10 to 200 ng/mL.
For acidic oxidation, to BH4/phosphoric acid solutions the 0.11 mL of 2M trichloroacetic
acid (TCA) was then added followed by 50 jtL of aq 5% J2/10% KJ. After 1 hour of
oxidation in dark at room temperature, 50 jlaL of aq 5% ascorbic acid and 310 jtL of water
were added. For basic oxidation, to BH4/phosphoric acid solutions the 0.11 mL of 2M
NaOH, 50 jtL of aq 5%J 2/10%KJ was added, left 1 hour in dark, 50 laL of 5% ascorbic
acid and 310 ktL of 1.42 M TCA. We assured that both solutions have similar acidity,
becvause we showed that the retention time of biopterin on column is pH dependent. The
150 •tL of these solutions were injected into Waters 2695 HPLC system with Waters 474
scanning fluorescence detector, with Whatman Partisil 10 •tm particle size (250 x 4.6
mm) ODS-2 column and 95 % 10 mM phosphate buffer, 5 % methanol as a mobile
phase, pH 6.4, 2mL/min flow. The excitation was set to 350 nm and emission to 450 nm.
Usually more iodine is needed for oxidation under alkaline than under basic conditions
[57].

Tissue analy•sis on BHt4: 1.8 g of fibrosarcoma was homogenized under ice and
under argon in 5.5 mL of 0.1 M phosphoric acid to which 5 mM DTE was added (7.7
mg/10 mL 0.1 M phosphoric acid, 0.077% [58]). The 1 mL of homogenate was taken for
alkaline and acidic oxidations. The 0.11 mL of 2M TCA and 100 ktL of 5%J 2/10% KJ
was added to acidic and 0.11 mL of 2.5 M NaOH and 100 laL 5% J2/10% KJ to basic
solution. Both solutions were left in dark for one hour. Then 100 jaL of 5% ascorbic acid
is added to both solutions, and 310 laL of water to acidic solution and 310 laL of 1.6 M
TCA to basic solution, respectively. Both solutions were then centrifuged twice and
filtered using ultrafilters 10,000 MW cut-off (5 000 g for 30 minutes). The 150 laL of
filtrate was injected into HPLC. Different concentrations of ascorbic acid, DTE, and
iodine (and the lack of them) were tested and the above amounts are those finally chosen
to provide best results.

Nitric oxide synthase. The '4C-arginine to 14C-citrulline conversion leading to
NO production as a method for NOS activity measurements [65-68] has not yet been
tested. In addition to activity assay Western blotting will be performed.

Study of the effect of Mn TE-2-P•,P5+ on rodent tumor an~iotenesis.

Preliminary. data indicated that there is a significant tumor growth delay upon
treatment of mice and rats with Mn porphyrin. Thus, subcutaneous B 16 mouse
melanoma and R3230 rat mammary adenocarcinoma were established in C57B/16 mice
and Fischer-344 rats, respectively. Tumors were allowed to reach 8 mm in diameter
before animals were randomized to the MnTE-2-PyP 5+ (AEOL-101 13) treated (6 mg/kg,
IP, daily) or control (PBS, IP, daily). The MnTE-2-PyP5+ treated group experienced
tumor growth delay (time to reach 5X initial tumor volume of 5 days) for both tumor
models, verifying that Mn porphyrin has anti-tumor activity (Figures 4 and 5).
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R32$O Tumor Growth Delay

Figure 4. R3230 tumor growth delay upon .
treatment of rats with MnTE-2-PyP5 + (AEOl-O1l13) •
at 6 m g/kg/daily. The grow th curves are plotted as .................... ..... ......... ............................................... ...................
the mean relative treatment group tumor value +/-
standard error. Mean times to reach 5-times initial ______

tumor volume for each group were calculated and
compared using the non parametric Kruskal-Wallis
and Mann Whitney tests.

B16 Tumor Growh WIay

Figure 5. 4T1 tumor growth delay in MnTE-2-
Pyp5 + treated mice with 6 mg/kg/daily. The growth • ___

curves are plotted as the mean relative treatment
group tumor value +/- standard error. Mean times
to reach 5-times initial tumor volume for each
groupwere calculated and compared using the non I -. ---------
parametric Kruskal- Wallis and Mann Whitney tests. "

Day

Next, plexiglass chambers containing a mixture of fibrin and R3230 cells were
implanted subcutaneously in Fischer-344 rats, followed by randomized treatment as
stated above. Tumor tissue was then removed and analyzed immunohistochemically for
vascular density, revealing significant (p<0.01) inhibition of vascularization in MnTE-2-
pyp5+ treated tumors.

In this project we established tumors on 8 to 10-week-old mice in dorsal skinfold
window chambers [69,70], shown in Figure 6, by injecting 4T1 mouse mammary
carcinoma cells expressing hypoxia-responsive green fluorescent protein, serving as a
reporter of HIF- 1 cc activity. Mice were treated 6 mg/kg/daily, IP once tumors reached 3
mm in diameter. Tumor growth and vascularity were not different between treated and
non-treated animals for the first 10 days following transplantations. Between days 10 and
12 however a significant (p<0.001) decrease in microvascular density was observed in
treated tumors with many becoming completely avascular. A representative image of the
effect of MnTE-2-PyP5+ on decreasing vascular density is shown in Figure 7. This
vascular destabilization was followed by a significant (P<0.01) reduction in tumor

Figure 6. Dorsal skinfold window chamber.

diameter in treated group. There were no significant differences in global tumor HIF-lI'(
reporter gene activity levels between treated and control groups. These results suggest
that MnTE-2-PyP 5+ inhibits tumor growth largely by causing vascular destabilization.
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Also these data imply that anti-vascular activity is either not related to HIF- 1 cx or related
to HIF-1cc down-regulation in limited tumor regions undetectable by the methodology
used here.

0"2 ylo BAY12 .yf16

Figure 7. Visualization of tumor and HIF-J a in MnTE-2-PyP5 + (6 mg/kg/daily, IP) treated mice. CMV-
RFP is a construct introduced into tumor that allows expression of redfluoresecence protein (RFP) of a
cytomegalovirus (CMV) promoter so that tumor cells can be tracked The 4T1 line expresses hypoxia
responsive green fluorescent protein serving as a reporter for HIF-] a.

Study of the MnTE-2-PvP5+/radiation on rodent tumor anzio2enesis

Meanwhile another study has been finished that indicated that significant tumor
devascularization occurs within 48 days of MnTE-2-PyP5+ + radiation treatment of mice
[34]. Mice have tumors grown in dorsal skinfold window chambers and were
randomized to (1) treatment with porphyrin (6 mg/kg, IP) at 0, 24 and 48 hours, (2) to
radiation only, (3) to MnTE-2-PyP 5+ + radiation and (4) to PBS treatment. Data are
shown in Figure 8. As

Figure 8. The window chamber tumors were
randomized to treatment with PBS or MnTE-2-
pyp5 +, and radiation or sham-irradiation. A course
of three fractions of radiation (5 Gy each, 12 hours . ,I MrTr2 Pyp
apart) was followed immediately by daily ,

administration of MnTE-2-PyP5+ (6 mg/kg) for 2 P

three days. Tumors were imaged immediately after I
radiation (0 hours), and every day thereafter (24,
48, and 72 hours), and these images were used to
calculate the tumor vascular length densities.
Combined treatment resulted in significant tumor 5
devascularization between 48 and 72 hours post-
radiation. n = 5/group. * = P < 0. 05 vs. "0 hour" 3
tumor VLD...

Time (Hs1
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expected tumor vasculature did not show any change within 72 hours with MnTE-2-
pyp5 + treatment only (note that in Figure 7, antiangiogenic effects start to appear not
before the 1 0 th day after MnTE-2-PyP 5+ treatment). Also, no change was observed with
radiation treatment only. However there was a slight tendency towards increased
vascular density presumably due to HIF activation. Yet, when MnTE-2-PyP 5 ÷ was given
immediately after radiation there was a fast and drastic decrease in tumor vasculature at
48 hours, and is even more pronounced at 72 hours. This effect is explained in terms of
radiation-induced, reactive oxygen species-dependent inactivation of HIF-l1 c.
Consequently, the expression of a variety of cytokines would be suppressed among them
VEGF and bFGF that would lead to tumor shrinkage (Moeller at al, submitted [33],
manuscript enclosed). In the absence of MnTE-2-PyP 5 ÷ tumor cells are secreting
cytokines that allow endothelial cells to be radioresistant [33]. If tumor cells are cultured
with Mn porphyrin, and such conditioned media is added to adherent endothelial cells
before radiation, upon radiation endothelial cells become much less viable as compared
to the conditions were no MnTE-2-PyP 5÷ was present [33].

Stud!: of the MnTE-2-Pv1PS+/radiation on HIF-1 activation in rodent tumor
ang'iogenesis

Recently, our group (Moeller et al, Cancer Cell, 2004, enclosed) reported the
unambiguous evidence that HIF-1 is ROS (established either by direct addition of H202,
or by addition of NO or by radiation) activated and that potent scavenger of ROS, as is
MnTE-2-PyP5 +, is able to inactivate HIF- 1 (when given immediately after radiation for
three days at 6 mg/kg, IP, every 24 hours, three doses in total). Consequently, the
decrease in levels of cytokines VEGF, and bFGF was detected which leads to the
decrease in tumor vasculature density [34].

KEY RESEARCH ACCOMPLISHMENTS

We fully characterized BH 4 and 7.8-BH 2 reactions with Mn porp~hyrins.
While we initially thought Mn"'P/MVnllP redox may be coupled to BH4/7,8-BH2 couple,
few orders of magnitude faster reaction might occur employing MnIIP/O=MnlVp redox
couple. The reactivity of ONOO-produced O=MnlVp 4± towards BH4 should be studied.

We determined that MnTE-2-PyPs+ causes anti-angiogenesis both in the
presence and absence of radiation. However, in the presence of radiation the effect is
significantly more pronounced.

In the absence of radiation treatment, the antiangiogenic effect started to appear
after 12 days of daily MnTE-2-PyP5+-treatment with 6 mg/kg mouse, and seems not to be
HIF related because levels of HIF-1 a were not affected.

When MnTE-2-PvPs÷ was given shortly after radiation (as a part of a separate
project within Radiation Oncology Department), HIF- 1 was fully inactivated presumably
due to the ROS scavenging ability of MnTE-2-PyP 5÷. The data indicate that VEGF and
bFGF were secreted by tumor cells in concert with high HIF-I• activity.
Consequently, elimination of ROS (produced as a result of radiation) by MnTE-2-
pyp 5+ inactivates HIF-I•. prevents cytokine expresssion and leads to tumor
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shrinka2e after 72 hours of treatment (6 mg/kg, IP, at 0, 24, and 48 hours). These events
are presumably in the origin of tumor growth delay.

It may be speculated that in the absence of radiation, angiogenesis occurs through
different mechanism/s that may include (1) other transcription factors (AP-1, NF-icB) and
expression of genes such as (iNOS, COX-2, PGE2): and/or (2) NOS inhibition through
1314 depletion.

Problems. We were not able to finalize our project but we hope to do so within
another several months. We responded to Specific aim 1. While we already adjusted
BH 4 assay for tumors, we are still in a process of modifying NOS activity assay and NOS
expression method for studying tumors. Once the methods are adjusted for our
conditions, we will grow tumors in mice (in the presence and absence of MnTE-2-PyP5 +
(6 mg/kg/daily, IP). When tumors reach 5-fold initial size we will analyze them for BH4
and NOS content and activity, respectively (Specific aim 2).

REPORTABLE OUTCOME

Published. A manuscript has been published in Free Radic. Biol. Med., 2004,
characterizing reaction of BH 4 and 7,8-BH2 with MnTE-2-PyP 5+. The manuscript also
includes the proposed mechanism for anti-angiogenesis, and discussion-related to it [26].

Submitted. A manuscript related to the anti-angiogenic effect of MnTE-2-PyP 5+

in the presence of radiation has been submitted for publication in Int. J. Rad. Oncol. Biol.
Phys., 2004 [33].

In preparation. Manuscript related to the anti-angiogenic effect of MnTE-2-
pyp5+ alone is in preparation.

Submitted. A manuscript has been submitted for publication in Cancer Res. by
Zhao et al, where IBH is a co-author and acknowledges financial help received in this
period from DOD for cancer-related research.

Presentations. Work has been in part presented at Gordon Conference on
Oxygen Radicals in Ventura, 2004, and will be presented at 1 1 th Annual Meeting of
Society for Free Radical Biology and Medicine in St. Thomas, Virgin Islands 2004.

CONCLUSIONS

Our study as well as the data from two other studies summarized herein, indicate
that MnTE-2-PWs has exceptional potential as an anti-angiogenic compound. Our
study of BH 4 /MnTE-2-PyP5+ system also indicate that Mnl.ITE-2-PyP5 + reacts with BIT 4,
redox cofactor of NOS, and by depleting it may inhibit NOS and decrease levels of NO
leading to decreased angiogenesis. The effect may be even more significant with ONOO
-oxidzed O=MnITE-2-PyP 4+.

When given along with radiation, MnTE-2-PyP 5+ seems to cause anti-
angiogenesis by scavenging ROS so that HIF-1 can not be activated, VEGF and bFGF
not expressed and neovascularization supressed.

However, when MnTE-2-PyP 5+ was given alone, the mechanism of angiogenesis
appears to be independent of HIF- 1 activation, and may be related to BH 4 depletion
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and/or NF-icB and AP-1 inactivation. Thus antiangiogenic effects may be exerted
through the suppression of NF-iKB-driven target gene activation, such as through the
COX-2 gene and PGE2 (prostaglandin) signaling pathways [27]. These in turn were
reported to modulate VEGF expression negatively at both the RNA and protein levels of
VEGF and also restrict cellular aggregation and tube formation associated with
angiogenesis and neovascularization.

Thus, recent findings related to MnTE-2-PyP 5+ along with our work and related
reports, suggesting a complexity of angiogenesis and mechanism/s of porphyrin in vivo
action/s, prone us to extend our project/s. In addition to study the levels of NOS and
BH 4, we are planning to investigate the response of all three transcriptions factors and
targeted genes to MnTE-2-PyP 5÷ +/- radiation treatment.
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ABBREVIATIONS

MnP, any Mn porphyrin (bold numbers and letters are related to Figure 1);
MnnIT(alkyl)-2-PyP 5+, Mn(III) meso tetrakis(N-alkylpyridinium-2-yl)porphyrin; alkyl
being methyl (10) (M), ethyl (11) (E) (AEOL-10 113), n-butyl (a) (nBu), n-hexyl (nHex)
and n-octyl (nOct); MnnlTDE(M)-2-ImP 5+ (c,d) (DE, DM), Mn(III) meso tetrakis[N,N'-
diethyl(dimethyl)imidazolium-2-yl]porphyrin (AEOL-10150), (7) MnTM-3-PyP 5+,
Mn(III) meso tetrakis(N-methylpyridinium-3-yl)porphyrin; (8) MnTM-4-PyP5 +, Mn(III)
meso tetrakis(N-methylpyridinium-4-yl)porphyrin; (6) Mnn"BM-2-PyP 3+, Mn(III) 5,10-
bis(2-pyridyl)- 15,20-bis(N-methylpyridinium-2-yl)porphyrin; (9) Mn"'TrM-2-PyP 4+,
manganese(III) 5-mono-(2-pyridyl)- 10,15,20-tris(N-methylpyridinium-2-yl)porphyrin;
(2) Mnn"T(TMA)P 5+, manganese(III) meso tetrakis(N, N, N-trimethylanilinium-4-
yl)porphyrin; (4) Mn"'T(TFTMA)p5+, manganese(III) meso tetrakis(2,3,5,6-tetrafluoro-
N, N, N-trimethylanilinium-4-yl)porphyrin; (1) Mn"'TCPP 3-, manganese meso tetrakis(4-
carboxylatophenyl)porphyrin; Mn TsPP3-, manganese(III) meso tetrakis(4-
sulfonatophenyl)porphyrin; (5) Mnn'T(2,6-C12-3-SO 3-P)P 3-, manganese(III) meso
tetrakis(2,6-dichloro-3-sulfonatophenyl)porphyrin; (3) MnU'T(2,6-F 2-3-SO 3-P)P3-,
manganese(III) meso tetrakis(2,6-difluoro-3-sulfonatophenyl)porphyrin; (12-15) Mn"C1.

5TE-2-PyP4+, Mn(II) fl-mono-, di-, tri-, tetra-, pentachloro meso tetrakis(N-
ethylpyiridinium-2-yl)porphyrin; (16) MnlIBrsTM-4-PyP4+, Mn(II) fi-octabromo meso
tetrakis(N-methylpyridinium-4-yl)porphyrin; Mnl"TMOE-2-PyP5+ (b) (MOE), Mn(III)
meso tetrakis[N-(2-methoxyethyl)pyridinium-2-yl]porphyrin; Mn"'TM,MOE-2-ImP5 + (e)
(M,MOE), Mn(III) meso tetrakis[N-methyl-N'-(2-methoxyethyl)imidazolium-2-
yl]porphyrin; Mnl"TDMOE-2-ImP5+ (f) (DMOE), Mn(III) meso tetrakis[NN'-di(2-
methoxyethyl)imidazolium-2-yl]porphyrin; EUK-8, Mn(III) salen; M40403, Mn(II)
cyclic polyamine; NHE, normal hydrogen electrode; SOD, superoxide dismutase; M9CA,
M9 casamino acids medium. BH 4-tetrahydrobiopterin; 7,8-BH 2, 7,8-dihydrobioptrein;
AP-1, activator protein-1; NF-KB, nuclear factor NF-KB; HIF-l1 , hypoxia-inducible
factor lc.
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Summary

Mn(III) ortho tetrakis(N-ethylpyridinium-2-yl)porphyrin, Mn"'TE-2-PyP5 +, effectively scavenges
reactive oxygen and nitrogen species in vitro, and protects in vivo, in different rodent models of oxidative
stress injuries. Further, Mn"'TE-2-PyP5 ÷ was shown to be readily reduced by cellular reductants such as
ascorbic acid and glutathione. We now show that tetrahydrobiopterin (BH 4) is also able to reduce the metal
center. Under anaerobic conditions, in phosphate-buffered saline (pH 7.4) at 25 + 0.1 0C, reduction of
Mn"'TE-2-PyP5 + occurs through two reaction steps with rate constants k, = 1.0 x 1-M-1 s-1 and k2 = 1.5 x
103 ,f1 s-1. We ascribe these steps to the formation of tetrahydrobiopterin radical (BH4÷) (kl) that than
undergoes oxidation to 6,7-dihydro-8H-biopterin (k2), which upon rearrangement gives rise to 7,8-
dihydrobiopterin (7,8-BH2). Under aerobic conditions, Mn..TE-2-PyP 5+ catalytically oxidizes BH 4. This is
also true for its longer-chain alkyl analogue, Mn(III) tetrakis(N-n-octylpyridinium-2-yl)porphyrin. The
reduced Mn(II) porphyrin cannot be oxidized by 7,8-BH2 or by L-sepiapterin. The data are discussed with
regards to the possible impact of the interaction of Mn"ITE-2-PyP5 + with BH 4 on endothelial cell
proliferation and hence on tumor anti-angiogenesis via inhibition of nitric oxide synthase.
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Introduction

Mn(III) ortho 5,10,15,20-tetrakis(N-ethylpyridinium-2-yl)porphyrin, MnI.n"TE-2-PyP5 ÷ (Scheme I)
[1] protects versus several rodent models of oxidative stress, such as cancer/radiation [2], stroke [3],
diabetes [4], and sickle cell disease [5]. Its protective effects have been ascribed to its antioxidant
properties [6-9]. In vitro it catalyzes the dismutation of 02 with rate constant of 5.7 x 107 MI s-1 [6,7]. In
addition it was found reactive at comparable or higher rates towards ONOO-, ONOOCO2-, NO, and CO 3-
[1,8,9,10]. Tissue localization of Mn porphyrins and local concentrations of reactive oxygen (ROS) and
nitrogen species (RNS) would define which reaction predominates in the overall effects observed in vivo.

Manganese in Mn porphyrins can access four oxidation states, +2, +3, +4 and +5 [1]. In vitro,
most Mn porphyrins are stable when Mn is in its +3 oxidation state [1]. However, the Mn(III) N-
alkylpyridylporphyrins are readily reducible. The redox potential for IInI"pS+/MnInp 4+ redox couple is
+0.23 V vs NHE for ethyl, MnTE-2-PyP 5+ [1] and +0.37 V vs NHE for its longer alkyl chain analogue, the
n-octyl compound, Mn.lTnOct-2-PyP 5+ (Scheme I) [11]. Consequently, the manganese undergoes
reduction from +3 to +2 oxidation state in vivo (E. coli) [6] and in vitro [10-13]a by cellular reductants,
such as ascorbic acid and glutathione. When Mn(III) or Mn(II) porphyrins scavenge ONOO, H20 2 and
CO 3-, the O=MnlVp 4+ is formed [1,8,9] and is readily reduced by uric acid, ascorbic acid, and glutathione
with rate constants of 3. 5 x 10' M1 s-, 4 x 10

4 M-! s-1, and 1.22 x 106 M-1 s-', respectively [8]. The
reduction of either Mn"'P 5 + or O=MnIVp 4+ by cellular reductants appears essential for the beneficial effect
of Mn(III) porphyrins, and for assuring the catalytic nature of their action [8,9,12,14,15]. Moreover, the
reduced Mn(II) porphyrins react with 02 and C0 3' faster than their Mn(III) analogues [7,9]. Preliminary
data [9] indicate that the reaction of Mn(II) porphyrins with ONOO- is also fast, and the two-electron
oxidation of the Mn+2 by ONOO produces nitrite rather than NO2 radical. The latter is formed when
Mn(III) porphyrin gets oxidized by ONOO" [8,9].

In addition to scavenging ROS and RNS, Mn porphyrins were found to affect signaling processes
[4,16-19]. The anionic porphyrin, MnTCPP 3 (MnTBAP3 ) has been implicated in induction of
hemeoxygenase-1 [16]. Tse et al reported that the cationic porphyrins, Mn"l'TE-2-PyP5 + and Mn(III)
tetrakis(N,N'-diethylimidazolium-2-yl)porphyrin, Mn,"TDE-2-ImP 5+ oxidize a cysteine of the p50 subunit
of transcription factor NF-KB, therefore decreasing NF-KB binding to DNA and diminishing
proinflammatory cytokine and ROS production [18]. The ability to oxidize a p50 cysteine is consistent
with the ability of MnII'TE-2-PyP5 + to oxidize glutathione [13] a Also, Zhoung et al reported that Mn"'TE-
2-PyP5+ decreases the DNA binding ability of AP-1 transcription factor; that action was thought to be
relevant to carcinogenesis [19]. Whatever mechanism/s of action of MnnlTE-2-PyP 5+ is operative in vivo,
the modulation of cellular redox systems and consequently cell proliferation, apoptosis and angiogenesis is
likely to be involved. Thorough knowledge of the complex reactivity of Mn porphyrins intended for the
treatment of oxidative stress injuries is essential for understanding their effects.

We have recently observed that MnTE-2-PyP 5+ exerts tumor anti-angiogenic effects in mice when
administered intraperitoneally [20]. Due to the recognized role of NO in angiogenesis [21,22], and the
favorable anti-tumor effects observed with inducible iNOS inhibitors [21], we were interested in exploring
whether the nitric oxide-related chemistry of Mn porphyrins may be involved in their anti-tumor action.
We have already reported that MnTE-2-PyP5+ could be reductively nitrosylated [10]. Yet, this reaction is
stoichiometric and under low oxygen concentration fairly irreversible and is not likely to significantly
decrease steady state NO levels in vivo [10]. In this study, we explored the catalytic oxidation of
tetrahydrobiopterin (BH 4) (Scheme II), the cofactor of nitric oxide synthase (NOS) [23,24], by Mn
porphyrins, which could affect steady state NO levels. We compared ethyl porphyrin to its longer-alkyl
chain analogue, n-octyl porphyrin Mnl"TnOct-2-PyP5+ [11] (Scheme I), in order to see whether differences
in the sterics and solvation of these porphyrins may affect their interactions with BH 4. Since n-octyl
porphyrin is 6-fold more lipophilic, it localizes inside E. coli more than does ethyl compound, offering 30-
fold higher protection [25]. Therefore, given similar reactivities, we anticipate that MnTnOct-2-PyP 5+ may
potentially be a better anti-tumor drug than MnTE-2-PyP 5+, since it could more readily localize inside
tumor and be more suitable for liposome-directed delivery.

Experimental
Materials. Mn"'TE-2-PyP5 + and Mn"'TnOct-2-PyP5 + were synthesized as previously described

[1,11]. The (6R)-5,6,7,8-tetrahydro-L-biopterin dihydrochloride, 7,8-dihydro-L-biopterin and L-
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sepiapterin are purchased from Alexis Biochemicals. L-ascorbic acid (+99 %) was from Aldrich. The
phosphate-buffered saline (PBS) was from GIBCO.

Methods. Uv/vis spectrometry. A Shimadzu UV-2501PC was used for uv/vis spectral
measurements. In the first experiment, 1 mM aqueous solutions of Mn..TE-2-PyP5 + and Ml"TnOct-2-
PyP'+ were diluted to 5 and 3 [LM, respectively, into PBS, argon purged for 15 min, followed by the
addition of 0.3 mM BH4 solution. In a second experiment the reactivity of reduced Mn"TE-2-PyP4+ with
oxidized pterins was studied. Thus, the Mn"'TE-2-PyP 4+ was diluted up to 5 or 6 [aM into PBS, argon
purged 15 min, ascorbic acid added to 12 [aM followed by the addition of 7,8 BH2 or L-sepiapterin up to
0.4 mM or 0.3 mM, respectively. All stock solutions were purged with argon before dilution when
anaerobic conditions were intended.

Oxygen consumption. Oxygen consumption was measured with a Clark electrode as previously
described [10]. In the first experiment, the air-equilibrated PBS (V,,, = 2.4 mL) was first treated with 0.21
mg (0.35 mM) BH 4 followed by the addition of 5 pM Mn(III) porphyrin. In a second experiment, the air-
equilibrated PBS (Vtot = 2.4 mL) was first treated with 5 gM Mn (III) porphyrin, followed by the addition
of 0.9 mM BH 4. Finally, Na2S20 4 was added to establish anaerobic baseline.

Stopped-flow kinetics. Kinetics were carried out on an Applied Photophysics stopped-flow
instrument at 25 + 0.1 0C and pH 7.4 (PBS) under anaerobic conditions. 12 [tM Mnl"TE-2-PyP5+ and 60
pM to 1.2 mM BH 4 were prepared and purged with argon before mixing in 1 : 1 ratio. The reduction of
Mn'.lTE-2-PyP5 + was followed spectrally as disappearance of the Soret band at 454 nm (1).

Results
Uv/vis spectrometry. Both aerobically and anaerobically Mn..TE-2-PyP5 + and MnlIITnOct-2-PyP5 +

were reduced by BH 4 (Figure IA). The Soret bands of Mn"TE-2-PyP 4+ and MnlITnOct-2-PyP 4+ were
centered at 438.5 nm and 441.5 nm, respectively. A shift in wavelength from 454 nm to 438.5 nm was
previously observed when Mn"'TE-2-PyP was reduced with either ascorbic acid or glutathione [10,13],a
indicating that identical species were formed upon reduction with either reductant. Uv/vis measurements
indicated that Mn(II) porphyrins, reduced with ascorbic acid, were not reoxidized by the oxidized pterins,
7,8-BH 2 (Figure 1B) and L-sepiapterin (Figure 1B-inset). With 7,8-BH 2 no shift in Soret band was
observed (Figure 1B). In the case of L-sepiapterin due to its high absorption in the Soret region, the lack of
shift at porphyrin 566 nm band indicated that no oxidation of Mn(II) porphyrin occurred (Figure 1B-inset).
Ascorbic acid itself was reported not to react with 7,8-BH2 [231, and thus did not interfere with these
measurements. Sepiapterin is not likely to be reduced by ascorbic acid either since no reduction by cyclic
voltammetry up to -820 mV was reported by Gorren et al [26]. The same authors reported the lack of a
reduction wave for 7,8-BH 2 below -1.0 V [26].

Oxygen consumption. A slow oxygen consumption due to auto-oxidation of BH 4 was detected as
shown in Figure 2. When Mn(III) porphyrin and BH 4 were both present in solution, oxygen consumption
was greatly enhanced, indicating that Mn(III) porphyrin catalyzes the oxidation of BH 4 (Figure 2). The
efficiency of this catalysis was similar with both MnTE-2-PyP 4+ and MnTnOct-2-PyP 4+ (Figure 2, solid and
dotted lines).

Stopped-flow kinetics. Two reaction steps were observed, each comprising -50% drop in
absorbance of MnTE-2-PyP 5+. The observed pseudo-first order rate constants, kob,, of both reactions were
linearly dependent upon BH 4 concentration (Figure 3). From the plots kob, vs [BH 4] the second order rate
constants, k, and k2 were calculated to be k, = 1.0 x 104 M1 s- and k2 = 1.5 x 103 M1 S-1

Discussion
The in vivo efficacy of the catalytic antioxidant MnI"TE-2-PyP 5+ has been mostly ascribed to its

ability to scavenge reactive oxygen and nitrogen species [1,6-11]. New data indicate that other actions in
vivo (see Introduction) may be effective [18,19]. This study was undertaken in order to gain insights into
the additional actions of Mn"ITE-2-PyP 5+ and its analogues in biological systems, particularly those related
to anti-tumor effects.

Because of the high metal-centered redox potential for Mn"'/Mn" redox couple (E 12=+230 mV vs
N-E), MnnITE-2-PyP5 + undergoes reduction by cellular reductants [10,13]a. The reduction with ascorbic
acid is facile, presumably utilizing A2-/A- redox couple (E°= +19 mV vs NHE, pKa (HA-/A 2 ,HW) = 11.34)
[11,27). The reaction of MnI'TE-2-PyP 5÷ with glutathione [27] is significantly slower. At 6 gM Mn"'TE-
2-PyP5 +and 606 piM GSH, under anaerobic conditions, 50% of the porphyrin was reduced in 5 min.a
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Aerobically, at 100-fold excess of GSH, and at pH 7.4 (PBS), only negligible reduction of Mnn'TE-2-PyP 5+

occurred.' When in addition to GSH, nitric oxide was present the reductive nitrosylation occurred readily.a
This is so because binding of nitric oxide shifts the effective potential for the MnlI'/Mnln redox couple of a
porphyrin by - + 600 mV [29-31] and is a driving force for Mn"'P reduction. While uric acid (E1 /2 for
UA/UA = +590 mV vs NHE) [32] itself can not reduce Mn"'TE-2-PyP5 + [14],a in the presence of NO
reductive nitrosylation occurred readily.a

We have shown here that tetrahydrobiopterin readily reduces Mn..TE-2-PyP5 +, giving rise to
Mn"ITE-2-Pyp4+. Based on cyclic voltammetry, Gorren et al [26] reported that one-electron oxidation of
tetrahydrobiopterin, BH4 (as well as of tetrahydropterin) to BH4+ (at N 5, Scheme II) occurs at +270 mV vs
NHE (pH 7.0). Using polarography, Archer et al [33] reported that reduced pterin (tetrahydropterin)
undergoes reversible oxidation by two overlapping one-electron steps at +150 mV vs NHE (pH 7.0)
producing 6,7-BH2, which upon rearrangement gives rise to 7,8-BH 2. The authors [33] coupled the
oxidation of pterin to the Fe'1I(CN)6

3 /Fen(CN)6
4 redox couple (E'= + 358 mV vs NHE), whose reduction

potential is similar to the potentials of Mn(III) porphyrins studied (+228 and +367 mV vs NHE for ethyl
and n-octyl porphyrin, respectively, ref 11). In both studies, 7,8-BH2 is the ultimate product of BH 4
oxidation. Based on the data reported [26,33], the two-step reduction of Mn,"TE-2-PyP5 ÷ with
tetrahydrobiopterin presumably occurs through eqs [1] and [2]:

BH 4 + Mn"'T(alkyl)-2-PyP5 + <==> BH 4"+ + Mn"T(alkyl)-2-PyP 4+ k1  [1]
BH4+ + Mn"'T(alkyl)-2-PyP 5+ <-> 6,7-(8H)-BH 2 + Mn"T(alkyl)-2-PyP 4+ + 2H+ k2  [2]
6,7-(8H)-BH 2 < -===.> 7,8-BH2  [3]

We ascribed the k, (1.0 x 104 M1 s-i) to one-electron oxidation of BH 4 to BH 4'+ radical (eq 1), and
k2 (1.5 x 103 M' s-1) to the one electron oxidation of BH 4+ to 6,7-(8H)-BH2 (eq 2). As was the case with
ascorbic acid, glutathione and uric acid, reductive nitrosylation of Mnl"TE-2-PyP 5+ occurs readily in the
presence of both BH 4 and NO.

In addition to their identical reactivities towards 02', ONOO and C0 3 - [9,11] both Mn"'TE-2-
pyp4+ and Mnl.TnOct-2-PyP 4+ oxidize tetrahydrobiopterin (Figure 1) in a catalytic manner aerobically, and
at similar rates (Figure 2). In a first step of a catalytic cycle both porphyrins got reduced by BH 4 and may
be reoxidized in a second step of a catalytic cycle with either oxygen or any ROS such as O2, or ONOO',
or C03-. However, in vivo their behavior is quite different presumably due to the differences in bulkiness
and lipophilicity [11,25]. Our E. coli study showed that the n-octyl porphyrin localized within the cell
significantly more than ethyl compound due to its higher lipophilicity, and was thus more protective to
SOD-deficient strain at 30-fold lower concentration [25]. Further, MnTE-2-PyP 5+ decreased blood pressure
in rats [34], while MnTnOct-2-PyP did not,b when both compound were given intravenously. Given their
identical reactivity towards 02', preventing the elimination of NO through ONOO- formation is not likely
in the origin of such an effect. The uncoupling of endothelial eNOS through depletion of BH 4 is not
responsible for this effect either, since it would have resulted in the increase of blood pressure with both
porphyrins.

Tetrahydrobiopterin is a co-factor of nitric oxide synthase [23,24], and hence is an indirect
regulator of vascular tone. The BH 4 appears to be essential for driving the synthesis of L-citrulline and NO
formation by preventing the dissociation of the heme-Fe(II) dioxygen/heme-Fe(III) superoxide complex
(thereby preventing the formation of superoxide), and by promoting the generation of heme-Fe(III) peroxo
and heme-Fe(IV) oxo species [35]. Only fully reduced tetrahydrobiopterin (and not 7,8-BH 2) can support
NOS catalysis [36,37]. Several in vitro studies directly established the role of NO and BH 4 in angiogenesis
[21,22,38-40].

Tumor tissue is under persistent oxidative stress with balance between cell proliferation and cell
death shifted inappropriately toward excess proliferation, and with levels of antioxidants altered [41]. Both
decreased and increased levels of superoxide dismutases, lower levels of catalase and lower levels of low-
molecular weight antioxidants, such as ascorbic acid, uric acid and vitamin E have been reported in tumors
[41-46]. Oxidative stress also results in over-expression of iNOS [21], accompanied by BH 4 levels higher
than are found in normal tissue [47,48]. Due to the positive correlation between iNOS activity and tumor
progression, iNOS inhibitors have been tested for cancer therapy [21]. In the tumor environment Mn
porphyrins - particularly the more lipophilic n-octyl compound since it would localize in a tumor to a
higher degree than ethyl - may selectively affect the levels of particular reductants, like BH 4, whose
micromolar cellular levels [47,48] are much more sensitive to fluctuations than are the mM levels of
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glutathione and ascorbic acid. The catalytic depletion of BH 4 by either MnTE-2-PyP5 + or MnTnOct-2-
PyP5+ would inhibit NO production by iNOS which in turn would impact signaling processes and
angiogenesis. This could be a likely explanation for the tumor anti-angiogenic effects, followed by tumor
shrinkage that we observed when mice bearing tumors were treated intraperitoneally with 6mg/kg/day of
Mn.ITE-2-PyP5 + [20]. The depletion of BH4 by H20 2-derived oxidized iron species (perferryl iron) in
cerebellar granule neurons was observed by Kalyanaraman group [49], and it occurred presumably in a
similar manner as with Mn(III) porphyrins. The BH4 depletion resulted in production of O2- by NOS rather
than NO [49]. Testing the effect of Mn'1 TE(nOct)-2-PyP5 + on tumor BH 4 depletion, and NOS inactivation
is in progress.

Abbreviations: BH 4, (6R)-5,6,7,8-tetrahydro-L-biopterin; 6,7-BH2, 6,7- dihydro-8H-biopterin;
7,8-BH 2, 7,8-dihydro-L-biopterin; L-sepiapterin, sep; ROS and RNS, reactive oxygen and nitrogen
species; NO, nitric oxide; NOS; nitric oxide synthase; iNOS, inducible nitric oxide synthase; SOD,
superoxide dismutase; AA, ascorbic acid; AN, acetonitrile; GSH, glutathione; UA, uric acid; NF-KB,
nuclear factor KB; AP-1, activator protein-i; PBS, phosphate-buffered saline; Mn"l/p5+/4+, any Mn(III/II)
meso tetrakis N-alkylpyridylporphyrin; meso refers to the substituents at the 5,10,15, and 20 (meso carbon)
position of the porphyrin core; O=MnlVp4+, any O=Mn(IV) meso tetrakis N-alkylpyridylporphyrin;
MnIIIT(alkyl)-2-PyP5 ÷, alkyl E, ethyl; nOct, n-octyl on the pyridyl ring; 2 indicates that Mn porphyrin is an
ortho isomer; Mn"ITE-2-PyP5 ÷ is AEOL-10113, and Mn"nTDE-2-ImP5 ÷ (Mn(III) 5,10,15,20-tetrakis(N,N-
diethylimidazolium-2-yl)porphyrin) is AEOL-10150; Mn"ITDE-2-ImP5 ÷ has previously (ref 7 and
elsewhere) been incorrectly abbreviated as MnTDE-1,3-ImP5 ÷, whereby 1 and 3 indicated the imidazolyl
nitrogens, rather than the position 2 where the imidazolyl is attached to the porphyrin ring; MnTCPP3-
(MnTBAp3-), Mn(III) 5,10,15,20-tetrakis(4-carboxylatophenyl)porphyrin.
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Schemes

Scheme I. Mn(III) porphyrins studied.
Scheme II. Tetrahydrobiopterin (BHt4) and its oxidized analogues.

Figures
Figure 1. The uv/vis spectroscopy of the interaction of Mn porphyrins with tetrahydrobiopterin

(BH 4) (A) and its oxidized derivatives, 7,8-dihydrobiopterin (7,8-BH 2) (B) and L-sepiapterin (sep) (B-
inset): (A) The spectra of 5 •sM Mn"TE-2-PyP5÷ (E) and 3 jiM Mn"'TnOct-2-PyP5 + (nOct) were taken in
the presence and absence of 0.3 mM BH4 in PBS, pH 7.4, at 25 +1VC. (B) The 5 gM Mn"'TE-2-PyP 5÷ was
reduced by 12 jM ascorbic acid followed by the addition of 0.4 mM 7,8-BH 2 in PBS, pH 7.4, at 25 + 1C.
(B-inset) The 5 [tM MnlIITE-2-PyP5 ÷ was reduced by 12 pM ascorbic acid followed by the addition of 0.3
mM L-sepiapterin in PBS, pH 7.4, at 25 ± 10C. The interaction was performed under anaerobic conditions
obtained by purging argon for 15 min.

Figure 2. Catalytic oxidation of BH 4 with 5 pM Mn"'TE-2-PyP5 + (E) and MnTnOct-2-PyP5 +
(nOct) in PBS, pH 7.4, at 25 + 10C. Catalytic action was enabled through reoxidation of Mn(II) porphyrin
by oxygen. In one experiment, first the 0.35 mM BH 4 was added into phosphate buffer followed by the
addition of MnTE-2-PyP5 + (E, dotted line) or MnTnOct-2-PyP 5+ (nOct, solid line) as indicated. After
-200 s, and with MnTE-2-PyP 5+, another 0.73 mM BH 4 was added to assure that enough reductant was
present. Finally, -2 mg of Na2S20 4 was added to assure removal of all oxygen. Dash line: In another
experiment, first 5 pM MnTE-2-PyP5 ÷ (E) was added into phosphate buffer, followed by the addition of 0.9
mM BH4 as indicated. Finally, - 2mg of Na2S2O4 was added as noted.

Figure 3. Plots of the observed pseudo-first order rate constant, kobs vs BH 4 concentration for the
reduction of MnTE-2-PyP5 ÷ with BH 4. Stopped-flow kinetics were done anaerobically with 6 pM MnTE-
2-PyP5 + and 30 - 600 pM B344 in PBS buffer, pH 7.4, and at 25 + 0.1 TC.
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Figure 2
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Abstract

Purpose: Studies have shown that a catalytic antioxidant, Mn(III) tetrakis(N-
ethylpyridinium-2-yl)porphyrin (MnTE-2-PyP5+), can suppress both late normal tissue
radiation injury and tumor growth. What effect it might have on tumor
radioresponsiveness has yet to be determined.
Methods: Various rodent tumor and endothelial cells lines were exposed to MnTE-2-
pyp5+ and assayed for viability and radiosensitivity in vitro. Next, tumors were treated
with radiation and MnTE-2-PyP 5+ in vivo, and the effects on tumor growth and
vascularity were monitored.
Results: In vitro, MnTE-2-PyP 5+ had minimal impact on the viability and radiosensitivity
of various tumor and endothelial cell lines. However, it significantly inhibited the ability
of tumor cells to secrete factors capable of rescuing irradiated endothelial cells. In vivo,
combined treatment with radiation and MnTE-2-PyP 5+ resulted in synergistic anti-tumor
effects, irrespective of treatment sequencing or the duration of drug dosing. Co-treatment
of tumors also achieved synergistic tumor devascularization, resulting in near complete
destruction of the pre-existing tumor vasculature.
Conclusion: These studies support the conclusion that MnTE-2-PyP5+ can protect normal
tissues from radiation injury while improving tumor control, through augmenting
radiation-induced damage to the tumor vasculature.

Introduction

Normal tissue toxicity remains a major limiting factor for escalating radiation
doses to better treat tumors. Chemical radioprotection offers the promise of minimizing
dose-limiting normal tissue radiotoxicity without compromising tumor control. Classic
radioprotectors are designed to interfere with the damaging free radical cascades initiated
by radiation (1). They are often selectively beneficial for normal tissues due to
differences in either uptake or target sensitivity between normal and malignant cells (2,
3). Many antioxidants, both naturally-occurring and synthetic, have demonstrated
significant capacity to protect normal tissues from radiation injury (4, 5).

As more has been learned about how oxidative stress promotes normal tissue
radiotoxicity, new opportunities for radioprotection have arisen. It has long been
recognized that free radicals initiate radiation-induced cellular damage (6). More recent
studies have suggested that oxidative stress continues to promote radiation-induced
damage long after normal tissues are irradiated (7, 8). As these later free radical-
mediated signals are involved in natural physiologic/pathophysiologic processes, they
might respond well to natural cellular antioxidants.

The superoxide dismutase (SOD) enzymes have received attention as potential
natural radioprotectors. The three known forms of SOD all serve to catalyze the
dismutation of superoxide to H20 2 and 02 (9). They are localized within and outside the
cell, are widely expressed throughout the body, and are important in redox homeostasis
(10-12). Preclinical models have demonstrated that treating irradiated rodents with
exogenous SOD - delivered by injection of the enzyme or through liposome or viral-
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mediated gene therapy - can ameliorate radiation-induced pneumonitis (13-18). The
same principle has also been demonstrated in transgenic mice overexpressing SOD in
type II pneumocytes (19). Although these studies generated promising results, the
difficulties of delivering SOD to target tissues, using gene therapy or otherwise, have
somewhat impeded translation into the clinic.

To exploit the benefits of SOD administration while bypassing delivery and
antigenicity problems, small molecular weight mimetics of the enzyme have been
synthesized (20, 21). The structure-activity relationship was established between their
superoxide dismuting ability and metal-centered redox potential (20, 21). The most
potent compounds are positively charged ortho isomers of Mn(III) tetrakis(N-
alkylpyridinium-2-yl)porphyrin, alkyl being methyl to n-octyl (22), Mn(III) tetrakis(N-
alkylimidazolium-2-yl)porphyrin and their methoxyethyl derivatives (21). Besides
catalytically eliminating superoxide, these compounds effectively scavenge other reactive
oxygen and nitrogen species (ROS/RNS) while utilizing cellular reductants to assure the
catalytic mode of their actions. The ethyl porphyrin, MnTE-2-PyP 5÷ dismutes superoxide
with log klat = 7.76 (20, 22), reduces peroxynitrite with log kred = 7.53 (23), reduces
carbonate radical with log kred = 8.49 (23), and oxidizes nitric oxide with log ko× = 6 (24).
MnTE-2-PyP 5÷ has been shown to prevent pathology in a wide variety of preclinical
models of diseases wherein oxidative stress plays a role, including stroke (25-27),
diabetes (28), and sickle cell anemia (29). In addition to directly eliminating ROS/RNS,
MnTE-2-PyP 5+ was recently shown to have various signaling effects which could
modulate oxidative stress injuries in diseases such as cancer and diabetes (30, 31). This
compound blocks DNA binding by the transcription factors NF-icB and AP-1, inhibiting
downstream expression of important factors such as tumor necrosis factor and
interleukin- 1 3 (31, 32). Relevant to the current study, systemic administration of MnTE-
2-PyP5+ has also been shown to protect against pathological and functional radiation
pneumonitis, supporting the concept that SOD-based therapeutics might serve as
clinically useful radioprotectors (33).

As is the case for all radioprotectors, it is important to consider what effects
MnTE-2-PyP 5÷ might have on tumor radiosensitivity. There is convincing evidence in
the literature to support the hypothesis that ROS/RNS are capable of promoting vascular
angiogenesis (34), and that antioxidants have antiangiogenic activity (35-40). Also, a
growing body of evidence suggests that antiangiogenic compounds act synergistically
with radiotherapy by increasing radiation damage to the vasculature, leading to secondary
tumor cell kill (41). Recently, it has been shown that MnTE-2-PyP 5÷ is capable of
catalytically depleting tetrahydrobiopterin, a cofactor of nitric oxide synthase, thereby
inhibiting an important source of angiogenesis-stimulating RNS. The ability to lower
levels of nitric oxide, by direct depletion of tetrahydrobiopterin levels or through
downregulation of NF-iB-mediated inducible NOS expression, may lend the compound
anti-angiogenic activity (42). Taken together, these studies raise the possibility that
MnTE-2-PyP5÷ may improve radiotherapeutic control of tumors through an antivascular
mechanism.

Based on the aforementioned data, we hypothesized that the normal tissue
radioprotector, MnTE-2-PyPs+, might enhance tumor radiosensitivity by augmenting
destruction of the tumor vasculature. We used a combination of in vitro and in vivo
assays to test the feasibility of combining MnTE-2-PyP5+ with radiotherapy. These
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studies may validate the potential utility of MnTE-2-PyP 5+ in the setting of tumor

radiotherapy.

Materials and Methods

Cell Lines and Cell Culture 4T 1 (mouse mammary carcinoma), B 16 (mouse
melanoma), R3230 (rat mammary carcinoma), and SVEC (SV40 large T antigen-
transformed murine endothelial cell) lines were acquired from ATCC and grown in
Dulbecco's Modified Eagle Medium (Gibco-BRL) with 10% Fetal Bovine Serum
(Gibco-BRL) and penicillin-streptomycin (Gibco-BRL) at 5%CO 2 and 21%02.

Drug Synthesis MnTE-2-PyP5 + was prepared as previously described (43).
Clonogenic Assay Cells were harvested and incubated in a single-cell suspension

with the desired concentration of MnTE-2-PyP 5+ for 2 hours at 37°C. Cells were then
placed in a Mark IV Cesium Irradiator (dose rate = 7 Gy/min, JL Shepherd, San
Fernando, CA) on a rotating platform, and irradiated with predetermined doses.
Immediately following irradiation, serial dilutions of the treated cells were plated in 6-
well plates, each in triplicate. After incubating 9 days, colonies (__50 cells) were fixed,
stained with crystal violet, and counted.

Viability Assay Cells were plated into 96-well dishes at a density of 103 cells per
well in typical growth media. 12 hours later, MnTE-2-PyP 5+ was added at the desired
concentration. After predetermined incubation periods methylthiazolyldiphenyl-
tetrazolium (MTT, Sigma) was added to each well to a final concentration of 1 mg/mL. 4
hours later, the media was removed, MTT crystals were dissolved in 100%
dimethylsulfoxide, and the optical density was read on a spectrophotometer (OD 570).

Endothelial Radioprotection Assay Sub-confluent 4T1 cells were incubated at
0.5% 02 for 12 hours with or without MnTE-2-PyP 5+ to generate conditioned media.
Conditioned media was then collected, and MnTE-2-PyP5 + was added to the previously
drug-free samples. Endothelial cells were plated as for viability assays. 12 hours later,
the media was replaced with MnTE-2-PyP +-containing conditioned media. 2 hours later,
the cells were irradiated as described above. 96 hours following treatment, cells
underwent a viability assay, as described above. Endothelial cell viability was
determined from MTT results according to methodology described previously (44).
Briefly, spectrophotometric results were normalized according to the following equation:

VpxiMy = (ARxMy - Ao)/(AMy - Ao)
where VR.My is the relative viability of the cells treated with predetermined doses of
radiation (Rx) and MnTE-2-PyP 5+ (My), ARxMy is the MTT absorbance of those cells,
AMy is the MTT absorbance of the unirradiated controls treated with the same dose of
MnTE-2-PyP5+, and A0 is the MTT absorbance of the cells prior to treatment.

Animals Female Fisher-344 rats, C57/B16 mice, and Balb/C mice were housed
and treated in accordance with approved guidelines from the Duke University
Institutional Animal Care and Use Committee.

Tumors 4T1 tumors were grown in the flank of Balb/C mice by injecting a
single cell suspension of tumor cells (105). Tumor volumes were measured with calipers
and calculated based on two diameters according to the formula: v = (a2*b)/2, where v is
the volume, a is the short diameter, and b is the long diameter. Animals were sacrificed
once tumors reached five times their initial treatment volumes.
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Skinfold Window Chambers Window chambers were implanted as described
previously (45). Briefly, mice were anesthetized with nembutal (80 mg/kg,
intraperitoneal), and a 1cm diameter circular incision was made in the dorsal skin flap
over which a titanium chamber was surgically implanted. A 10 l suspension of tumor
cells (5xl 03 cells) was then injected into the opposing flap of skin. A circular cover slip
was placed over the incision through which the vasculature, tissue, and tumor cells were
visualized. Observations of window chamber tumors were performed daily on restrained,
unanesthetized mice using an inverted Zeiss fluorescence microscope. Images were
captured onto a PC using Scion Image software (Frederick, MD), and analyzed using
Adobe Photoshop (San Jose, CA). Tumor volume and vascular length densities were
calculated as described previously (46). Briefly, tumor volumes were calculated using
the formula: d2(3.14/2), where the diameter was determined from low-power (2.5X)
microscopy images by comparing pixel dimensions to micrometer values. Vascular
length densities were measured from medium-power (5X) fields by using image analysis
software (Scion Image) to trace the vascular network. Measurement of the sum length of
all vessels within each tumor was then determined, in pixels, and converted to metric
length by comparing pixel dimensions to micrometer values.

Tumor Irradiation Animals were randomized to treatment groups once flank
tumors reached a mean volume of 200mm3 (n = 5/group), and window chamber tumors
were 1mm in diameter (n = 5/group). Tumor-bearing Balb/C mice were restrained,
unanesthetized, in a plastic tube and placed in a Mark IV Cesium irradiator (dose rate = 7
Gy/min, JL Shepherd, San Fernando, CA). The mice were positioned behind a lead
shield allowing only the tumor-bearing area to remain in the treatment field. Three doses
of 5 Gy were administered, separated by 12 hours each.

Statistics Unless otherwise noted, data are reported as a mean +/- standard
deviations. Statistical significance was determined using a Students' t test or ANOVA,
where appropriate, and P values less than 0.05 were considered significant.

Results

MnTE-2-PyP5+ Lacks Cytotoxicity In Vitro To determine whether MnTE-2-
pyp5 + might be toxic to tumor and/or endothelial cells (ECs), 4T1, B 16, R3230, and
SVEC cells were grown in the presence of the drug at concentrations typically required
for efficacy in treated cells (47), and cellular viability was measured at regular time
intervals using an MTT assay. MnTE-2-PyP 5+, at concentrations of 1, 2, and 5 RM, had
significant growth inhibitory effects on 4T1 and R3230 tumor cells during the first 24
hours of exposure (Figure 1A). As incubation times increased, however, the cytotoxicity
of the compound was less apparent. After a period of 48 hours there were no significant
effects of MnTE-2-PyP 5÷ on proliferation/viability for any of the cell lines examined
(Figure 1B). Similar negative results were seen for incubation times of 72 and 96 hours
(data not shown).

Tumor Radiosensitivity is Unaffected by MnTE-2-PyP 5+ In Vitro The two
tumor cell lines displaying more apparent sensitivity to MnTE-2-PyP5+, 4T1 and R3230
(Figure IA), were next used in a clonogenic assay to determine whether the compound
acts as a cellular radioprotectant. MnTE-2-PyP 5+ (5jtM) was administered two hours
before irradiation, and removed 30 minutes afterwards to minimize the effects of the
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drug, itself, on cellular viability. The survival curves for both cell lines were largely
identical with or without MnTE-2-PyP 5+, suggesting that the compound does not directly
protect tumor cells from ionizing radiation (Figure 2A). Similarly, the viability of
endothelial cells was not affected by irradiating in the presence of MnTE-2-PyP 5+ (Figure
2B), using the same experimental design as with the tumor cells, above.

MnTE-2-PyP Inhibits EC Radioprotection As vascular radiosensitivity may
significantly impact overall tumor radioresponsiveness (48), we next examined the
possibility that MnTE-2-PyP 5+ might influence radiotherapy through modulating EC
radiosensitivity. Since tumor cells secrete cytokines which can diminish EC
responsiveness to radiation damage (49), EC radiosensitivity might be affected by MnTE-
2-PyP5+ acting on tumor or endothelial cells. Thus, conditioned media was made one of
two ways: 1) by culturing tumor cells in hypoxic conditions with MnTE-2-PyP 5+, or 2) by
culturing tumor cells in hypoxic conditions without drug, followed by the addition of
MnTE-2-PyP 5+ to the conditioned media after it was collected. This way, the influence
of the compound on tumor cells and endothelial cells could be differentiated. These
samples were then added to adherent ECs two hours prior to irradiation. EC viability was
determined 96 hours post-irradiation, corresponding to the time of maximum vascular
destabilization after tumor irradiation in vivo (49).

Consistent with our previous findings (49), tumor-conditioned media caused
irradiated ECs to be significantly more viable (Figure 3). Adding MnTE-2-PyP 5÷ to the
media after it had been conditioned had no impact on the media's ability to rescue
irradiated ECs. However, media that was conditioned in the presence of MnTE-2-PyP 5+

was significantly less capable of rescuing ECs in this way. The addition of as little as
21aM MnTE-2-PyP5+ blocked the ability of tumor cells to secrete EC-rescuing factors into
the media, causing the endothelial cells to behave identically to those incubated with non-
conditioned growth media.

MnTE-2-PyP5+ Enhances Radiation-Induced Tumor Growth Delay
To determine how combined treatment with radiation/MnTE-2-PyP 5÷ would impact
tumor growth, 4T1 tumors were grown in the flank, randomized to treatment with
radiation or sham-irradiation, and PBS or MnTE-2-PyP 5+, and followed by caliper
measurements (n = 5/group). Two sequencing schemes were used for delivering the
combined treatments: 1) MnTE-2-PyP5+ (6mg/kg) administered one hour prior to each of
three radiation doses, or 2) MnTE-2-PyP 5+ (6mg/kg) administered 1, 13, and 25 hours
after the final radiation dose. Note that for the combined treatment groups, dose and
dosing intervals were identical, and only sequencing was changed. If MnTE-2-PyP 5+

were to act as a direct radioprotectant (e.g. ROS/RNS scavenger) for the tumor or its
vasculature, it would be expected that the drug-first sequence would affect tumor growth
delay differently than the radiation-first sequence. What was found, however, was that
tumor growth delay was identical in the combined modality groups, irrespective of
sequencing (Figure 4). Moreover, radiation plus MnTE-2-PyP5 + resulted in significant
improvement in tumor response compared to that seen with each treatment modality,
alone (P < 0.01). These data suggest that MnTE-2-PyP 5+ does not act as a direct
radioprotectant for tumor tissue and, indeed, may in fact enhance tumor
radioresponsiveness.

MnTE-2-PyP5 + Enhances Radiation Injury to Tumor Vessels To understand
the mechanism behind the enhancement of radiation efficacy with MnTE-2-PyP 5+, we
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next investigated whether MnTE-2-PyP5+ would radiosensitize tumor-associated
vasculature in vivo, as predicted by our in vitro studies. 4T1 tumors were grown in dorsal
skinfold window chambers, allowing serial observation of tumor vascularity. Once
tumors reached a predetermined size (1 mm diameter), they were randomized to treatment
with PBS or MnTE-2-PyP 5+, and radiation or sham-irradiation (n = 5/group).
Immediately after (sham-) irradiation, daily injections of PBS or MnTE-2-PyP 5+ began
and continued for 48 hours (three doses total, 6mg/kg). Intravital microscopy was used
daily to measure the vascular length density of the window chamber tumors, carried at 0,
24, 48, and 72 hours following (sham-) irradiation (Figure 5). Neither PBS nor MnTE-2-
pyp5÷ alone had an effect on tumor vascularity over the course of the experiment. There
was a non-significant trend towards increased vessel density in the radiation alone group.
In the combined treatment group, however, there was a striking tumor devascularization
beginning at 48 hours post-radiation and peaking 24 hours later. After MnTE-2-PyP 5 ÷

injections were discontinued, tumor vascularity gradually recovered (data not shown).

Discussion

This study demonstrates that MnTE-2-PyP 5+, previously shown to protect lung
tissue from radiation injury (33), might be a useful adjunct to radiotherapy without the
risk of diminishing tumor radioresponsiveness. Our findings suggest that SOD mimetics
may significantly augment the therapeutic index of radiotherapy by not only protecting
normal tissues, but also by enhancing radiation-induced damage to some tumors. Also,
the apparent role for MnTE-2-PyP5+ in targeting irradiated tumor vasculature adds to our
understanding of the relationship between radiation and angiogenesis, and how their
interplay might be exploited for therapeutic benefit.

Several conclusions can be drawn out of the data presented here. First, these
studies suggest that the biologically-relevant effects of MnTE-2-PyP 5+ in irradiated
tissues are likely due to activity occurring after radiation has been delivered. Contrary to
what might have been expected, in none of our studies was it found that pre-radiation
treatment with MnTE-2-PyP 5+ impacted outcome any differently than post-radiation
treatment did. As antioxidants have long been presumed to interfere with the initial free
radical burst coincident with irradiation (4), the post-radiation effects of MnTE-2-PyP5+
seem somewhat paradoxical. However, these findings are consistent with recent
evidence showing that reactive oxygen and/or nitrogen species may be important in the
delayed response to radiation damage in both normal and tumor tissue.

Several studies have demonstrated that normal tissues experience significantly
elevated levels of intracellular ROS/RNS between one to two weeks following irradiation
(50, 51). Also, our previous studies have provided direct proof that tumor ROS/RNS are
significantly increased 1-2 days after radiation, providing further support for the
hypothesis that oxidative stress may play a role in the delayed effects of ionizing
radiation (49). This long-lived oxidative stress may be involved in promoting
genotoxicity and differential signaling pathway regulation in irradiated tissues. This
paradigm would provide a role for antioxidants, such as MnTE-2-PyP 5÷, in influencing
radiation outcome in the post-irradiation period. Our studies provide strong evidence that
catalytic antioxidants can improve tumor radiosensitivity by decreasing ROS/RNS levels
in the post-radiation period. This highlights the importance of delayed oxidative stress in
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the tumor response to radiation, and identifies ROS/RNS as potential targets in an
unknown number of important radiation-induced tumor signaling cascades. Further
refining this hypothesis, we have shown that the major impact of post-radiation
antioxidant activity is a significant reduction in vascular viability within the irradiated
tumor. Given the high level of current interest in antiangiogenic therapeutics, and in
combining antiangiogenic approaches with radiotherapy, these are intriguing findings.

Although very little is known about the role oxidative stress plays in promoting
vascular radioresistance, much more is known about the interplay between ROS/RNS and
angiogenesis. Since many of the same signaling pathways are used in both processes,
these data may help to explain the results seen here. Levels of oxidative stress are
typically high in tumors (52-55). Highly oxidative environments tend to promote
angiogenesis by stimulating angiogenic cytokine secretion (56-58), lymphocyte-induced
vascular morphogenesis (59), and by directly promoting endothelial tubular
morphogenesis (57, 60), providing mechanistic links between oxidative stress and tumor
angiogenesis. Our data indicates that MnTE-2-PyP 5÷ may interfere with this relationship
by disrupting ROS/RNS-induced cytokine secretion from tumor cells (Figure 3). Which
cytokines are being inhibited by MnTE-2-PyP 5÷ here is not yet known - however, the
existing literature on the subject provides some clues. Both ROS and RNS have been
implicated in upregulating hypoxia-inducible factor-i (61-64), which stimulates the
production of a variety of pro-angiogenic cytokines, including vascular endothelial
growth factor (VEGF) (65). Oxidants may also be involved in stimulating NF-KI3 and
AP-1 signaling (66, 67), both of which can stimulate vascular signaling in hypoxic
tumors (34). For irradiated tumors, in particular, ROS/RNS stimulate activation of
hypoxia-inducible factor- I (HIF-1), serving to stimulate expression of a variety of
endothelial cell-active cytokines which, in turn, promote endothelial radioresistance (49).
As MnTE-2-PyP 5÷ has been shown to be able to block AP-1, NF-, B, and HIF-1 signaling
(31, 32, 49), it seems clear that the compound is well-equipped to inhibit ROS/RNS-
induced cytokine (VEGF, etc.) release from tumor cells. These data form a clear
framework to explain how oxidative stress in tumors promotes vascular resistance to
ionizing radiation. The studies presented here are consistent with this model wherein
tumor cells are the site of ROS/RNS of vascular signaling. MnTE-2-PyP 5+ is clearly able
to inhibit the capacity for tumor cells to induce radioprotection in endothelial cells,
allowing it to impact vascular radioresistance at a distance.

Further, these studies demonstrate that MnTE-2-PyP 5+ is equally efficacious when
administered before/during radiotherapy as compared to its efficacy when given
afterwards. From this, it can be concluded that the anti-tumor radiosensitizing effects of
MnTE-2-PyP5+ outweigh any potential radioprotection which might occur during
combined treatment in vivo. Supporting this conclusion, our in vitro experiments show
no evidence that MnTE-2-PyP 5÷ alters the intrinsic radiosensitivity of tumor cells at
clinically relevant doses. Since MnTE-2-PyP 5+ clearly serves as a ROS/RNS scavenger
in tumor cells at such doses (49), these results were surprising. There are several putative
explanations for why MnTE-2-PyP 5+ might not serve as a scavenger for oxidative stress
in this situation (irradiation), when it clearly does so in others (diabetes, stroke, etc.),
including differences in the concentration and species of the drug's target, as well as the
drug's localization. The existing data support the conclusion that MnTE-2-PyP 5+ is
equipped to handle a high level and broad diversity of ROS/RNS (see Introduction), such
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that the oxidative species initiated by ionizing radiation ought to be within the capacity of
the compound to scavenge. What is less certain is whether any significant portion of the
MnTE-2-PyP taken up by a cell is localized within the nucleus. For the drug to impact
the clonogenicity of the irradiated cell, efficient delivery to the nucleus - and proximity
to the DNA therein - would be required. Although formal studies of subcellular
compartmentalization are yet to come, in vitro evidence suggests that association between
MnTE-2-PyP 5÷ and nucleic acids is poor, and that access to membrane-bound cellular
organelles may be limited (personal communication, Ines Batinic-Haberle). Further
studies into the impact of MnTE-2-PyP5+'s cellular compartmentalization are warranted
to clarify this issue.

Since this compound has been shown to be an effective normal tissue
radioprotectant, preclinically (33), our studies here provide further justification for
exploring its utility in clinical radiation oncology. With the potential to simultaneously
protect normal tissues while radiosensitizing tumors, MnTE-2-PyP5÷ may prove to be avaluable adjunct to radiotherapy.

Figure Legends

Figure 1. MnTE-2-PyP5+ Lacks Overt Cytotoxicity Four cell lines were exposed to
various concentrations of MnTE-2-PyP 5÷ for (A) 24 or (B) 48 hours, and assayed for
viability using an MTT assay. For each cell line, results were normalized to measured
values for control cells not exposed to MnTE-2-PyP 5÷. The compound exhibited
transient effects on cellular viability for 4T1 and R3230 cells. Viability following 72 and
96 hours of drug exposure was similar to that for 48 hours (not shown). Error bars
represent standard deviation. * = P < 0.05 versus drug-free control.
Figure 2. MnTE-2-PyP5 + Fails to Radioprotect In Vitro 4T1, R3230 (A), and SVEC
cells (B) were irradiated in the presence of 0 or 5 tM concentrations of MnTE-2-PyP 5÷.
Clonogenicity was identical for each line regardless of whether or not drug was present.
Results are normalized by plating efficiency of non-irradiated controls, and plotted as the
average of three samples for each data point. Error bars represent standard deviation.
Figure 3. MnTE-2-PyP5 + Inhibits EC Radioprotection by Tumor Cells 4T1 cells
were incubated at 0.5% 02 for 24 hours, and the overlying media was collected for
further studies. Conditioned media was either generated in the presence of MnTE-2-
pyp5÷ (Pre-Incubation), or was supplemented with the drug after media collection (Post-
Incubation). Endothelial cells were cultured in Pre-Incubation conditioned media, Post-
Incubation conditioned media, or unconditioned growth media from 2 hours prior to
irradiation (10 'Gy), until 96 hours later when EC viability was determined by MTT assay.
Results were normalized to growth media-incubated, non-irradiated controls. Error bars
represent standard deviation. * = P < 0.05 versus growth media-incubated, irradiated
control.
Figure 4. MnTE-2-PyP5+ Enhances Tumor Radiosensitivity In Vivo 4T1 tumors
were grown in the flank, allowed to reach >_ 200mm3 in size, and 25 tumors were
randomized evenly to one of five treatment groups on day 9 post-implantation: 1) PBS, 2)
MnTE-2-PyP 5÷ (6mg/kg every 12 hours X3), 3) RT (5Gy every 12 hours X3), 4) "MnTE-
2-PyP+RT" (one MnTE-2-PyP 5÷ dose prior to each fraction of radiation), or 5) "RT+
MnTE-2-PyP" (three MnTE-2-PyP5 ÷ doses following third fraction of radiation). The
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combined treatment groups had significant, supra-additive effects on radiation-induced
tumor growth delay, irrespective of sequencing. n = 5/group. * - P < 0.01. Error bars
represent standard deviation.
Figure 5. MnTE-2-PyP5 + Enhances Radiosensitivity of Tumor Vasculature In Vivo
4T1 window chamber tumors were randomized to treatment with PBS or MnTE-2-PyP 5÷,
and radiation or sham-irradiation. A course of three fractions of radiation (5 Gy each, 12
hours apart) was followed immediately by daily administration of MnTE-2-PyP 5 ÷

(6mg/kg/day) for three days. Tumors were imaged immediately after radiation (0 hours),
and every day thereafter (24, 48, and 72 hours), and these images were used to calculate
the tumor vascular length densities. Combined treatment resulted in significant tumor
devascularization between 48 and 72 hours post-radiation. n = 5/group. * P < 0.05 vs.
"0 hour" tumor VLD.
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Figure 3.
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Figure 4.
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Figure 5.
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4 V.

3. The 11th Annual Meeting of the Society for Free Radical Biology and
Medicine, St. Thomas, Virgin Islands, November, 2004.

EFFECTS OF A CATALYTIC METALLOPORPHYRIN
ANTIOXIDANT ON TUMOR RADIORESPONSIVENESS

Benjamin J. Moeller,1 Ines Batinic-Haberle,' Ivan Spasojevic, 2 Zahid N. Rabbani,1 Mitchell S. Anscher,'
Zeljko Vujaskovic,' and Mark W. Dewhirst"3

1Departments of Radiation Oncology' and Medicine2, Duke University Medical Center, Durham, NC, USA

Studies have shown that a catalytic antioxidant, Mn(III) tetrakis(N-ethylpyridinium-2-yl)porphyrin
(MnTE-2-PyP5 +), can suppress both late normal tissue radiation injury and tumor growth. We have herein
investigated whether MnTE-2-PyP 5+ may enhance tumor radiosensitivity by augmenting destruction of
tumor vasculature. Various rodent tumor and endothelial cells lines were exposed to MnTE-2-PyP 5+ and
assayed for viability and radiosensitivity in vitro. Next, tumors were treated with radiation and MnTE-2-
PyP5+ in vivo, and the effects on tumor growth and vascularity were monitored. In vitro, MnTE-2-PyP5+
had minimal impact on the viability and radiosensitivity of various tumor and endothelial cell lines.
However, it significantly inhibited the ability of tumor cells to secrete factors capable of rescuing irradiated
endothelial cells. In vivo, combined treatment with radiation and MnTE-2-PyP 5+ resulted in synergistic
anti-tumor effects, irrespective of treatment sequencing or the duration of drug dosing. Co-treatment of
tumors also achieved synergistic tumor devascularization, resulting in near complete destruction of the pre-
existing tumor vasculature. These studies support the conclusion that MnTE-2-PyP 5+ can protect normal
tissues from radiation injury while improving tumor control, through augmenting radiation-induced damage
to the tumor vasculature.
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4. Gordon Conference, Ventura 2004 02-05-04

Ines Batinic-Haberle, Manganese porphyrins as catalytic antioxidants

The data are presented as a part of talk under the title "Manganese porphyrins as
catalytic antioxidants" given at Gordon Conference on Oxygen Radicals In Ventura,
2004.

The tumor anti-angiogenic effect of
MnTE-2-PyP 5+ in mouse

Moeller et al, in preparation

Intravital microscopy of dorsal skinfold window
chamber
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